Abstract-The development of an improved method for calibrating AFM cantilevers is presented, based on the Cleveland method. A masking technique is used to deposit gold on the very end of the cantilever, and the shift in resonant frequency with added mass is used to calculate the spring constant. A novel and unique application of scanning Raman microscopy was developed to measure the thickness distribution of the deposited gold film over the cantilever. The uncertainty in the spring constant of cantilevers calibrated using this method was determined to be ~10%, and in good agreement with established calibration methods in literature.
I. INTRODUCTION
The area of AFM cantilever calibration is one that has received a great deal of attention in literature, with a number of diverse calibration methods developed [1] [2] [3] [4] . The motivation behind much of the research in this area is the desire to improve the accuracy of force spectroscopy measurements.
The work presented here seeks to improve the accuracy of the calibration method developed by Cleveland et al. [1] The Cleveland method determines the spring constant by measuring the shift in the resonant frequency of an oscillating cantilever upon loading with a known mass. This is represented by (1) , where k is the spring constant, M is the loading mass and where ν 0 and ν 1 are the unloaded and loaded resonant frequencies of the cantilever respectively.
This often involves attaching a tungsten or gold microsphere to the cantilever with glue, and measuring the resonant frequency shift. This method suffers from an uncertainty of approximately 20%, which is primarily due to the determination of the mass and position of the attached microsphere.
Gibson et al. improved upon the Cleveland method by loading the cantilever with a thin layer of gold [5] . This approach allows the thickness (and hence mass) of the gold layer to be inferred from an in-situ quartz crystal microbalance (QCM) measurement and the loading position to be determined using a mathematical correction determined by Sader et al [6] .
The work of Gibson et al. improves on the simplicity and accuracy of the Cleveland method, however there are a number of disadvantages that need to be addressed:
x The thickness of the gold film is inferred from measurement by an in-situ QCM, and is assumed to be constant over the entire cantilever.
x The presence of a gold film may alter the mechanical properties of the cantilever, although work by Sader et al. [6] and Gibson et al. [5] suggests that this effect is minimal for films with thickness less than 50nm.
x The presence of a complete gold film on the back of the cantilever acts in a manner similar to a metal bilayer [7] [8] . Differences in the surface stress between the material on the tip-side of the cantilever (Si or Si 3 N 4 ) and the gold film on the back causes the cantilever to deflect. This is dependent on temperature, adsorbed molecules and solvents; and causes drift in the deflection signal which can disrupt force measurements [7] .
x The film is deposited on the tip side of the cantilever, resulting in broadening of the tip radius and altered tip-sample interactions.
The work presented here seeks to improve this calibration method further by applying a masking technique to coat only the last 50μm of the cantilever with gold on the reflective side. The assumptions made with regard to film thickness and uniformity are addressed by introducing a technique to measure the thickness of the gold film after deposition.
II. MATERIALS AND METHODS
Cantilevers (Mikromasch NSC15) were immersed in a nitric/phosphoric acid solution before use, to remove the aluminium layer present on the reflective side.
The masked cantilever was coated in a vacuum evaporator, with a thermal evaporation source, while the completely coated cantilever was coated in an Emitech K575X sputter coater. In both techniques the gold source was 99.9% pure.
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The masked cantilever was imaged with the Raman microscope after gold deposition; the gold was then removed by immersion in an aqua regia solution for 30 minutes and the cantilever re-imaged with the Raman microscope. The completely coated cantilever was imaged before gold deposition, and then imaged again after deposition.
A Nanoscope IV AFM was used in tapping mode to measure the resonant frequency of the cantilevers. A target amplitude of 1.5V and phase offset of 5% was applied.
A Witech Alpha 300 Confocal Raman microscope was used to obtain optical and Raman images of the cantilevers, the Raman laser was operated at 532nm.
III. RESULTS AND DISCUSSION
Masked coating of an AFM cantilever was achieved using the fabricated masking apparatus, and another cantilever was completely coated with a uniform film to demonstrate the application of the Raman technique to thin film analysis. Scanning Raman microscopy was used to image the cantilevers with and without the gold coating. These images are presented in Fig. 1 for the masked cantilever, and show variation in the intensity of the 520cm -1 silicon spectral peak over the cantilevers' surface. It is evident from Fig. 1 that there is attenuation of the Si 520cm -1 signal near the end of the cantilever after the masking process, and this is attributed to the presence of the overlying gold film.
Attenuation of the Si 520cm -1 signal due to the gold film was quantified by depositing films of known thickness onto silicon substrates and making Raman measurements, two of which are shown in Fig. 2 . The peak at 520cm -1 is characteristic of silicon and is observed to reduce by ~75% upon deposition of a 30nm gold film. The relationship between the thickness of the overlying gold film and the transmittance of the silicon 520cm -1 signal is shown in Fig.  3 . The transmittance of the Si 520cm -1 signal decays with an exponential dependence as the thickness of the gold film increases. This is modeled with the expression given in (2), where t is the film thickness (nm) and I and I 0 are the coated and uncoated peak intensities respectively.
Attenuation of the Si 520cm -1 signal was used to make scanning film thickness measurements with the Raman microscope. The intensity of the Si 520cm -1 signal from the Raman images of the coated and uncoated cantilever was used to determine the gold film thickness over the entire cantilever. This is presented as a 3D surface plot in Fig. 4 and Fig.5 , which show the distribution of the gold film over the masked and completely coated cantilevers respectively. The distribution of gold observed in Fig. 4 is indicative of a masked deposition; however there is no definite "edge" of the film. This is due mainly to the separation between the mask edge and the cantilever, and is an aspect that will be addressed in future work.
The feature at the base of the cantilever (Length=110-120µm) is due to the silicon chip that rises out of the focal plane and thus affects the intensity of the Si 520cm -1 signal. Figure 5 shows what is expected from an unmasked sputter deposition; the film is uniform over the entire surface of the cantilever. The complete film deposited by sputter coating is somewhat rougher than that deposited with the mask. This could be due to the nature of the sputter-coating technique which tends to deposit films with higher surface roughness than vacuum evaporation. The thickness data is integrated over the surface of the cantilever to obtain the total mass of the film and its centre of mass; these results are shown in Table 1 . The use of the Raman microscope in analysing the film allows the cantilever to be calibrated regardless of the films' dimensions.
The cantilevers' spring constant is calculated in a similar manner to the Cleveland method, but includes a term to account for the off-end loading of the gold film. This expression is given in (3), where M is the mass of the gold film, L is the length of the cantilever and ∆L is the distance from the gold films' centre of mass to the end of the cantilever. For the completely coated cantilever a correction factor of 0.24 is used instead of the off-end loading term, as described by Sader et al. [6] .
The spring constants of the two cantilevers were calculated using the mass of the gold film, the resonant frequency shift (Δν) and (3). These are shown in Table 2 . The spring constant determined using the gold coating technique is shown with the solid fill, and agrees with the other calibration techniques within the experimental uncertainty. The other calibration methods used were the Sader hydrodynamic method [6] , the simple beam equation and modified simple beam equation [1] and the reference cantilever method [9] . Correlation of the results with the well-established Sader method in particular demonstrates the validity of not only the masking method, but also the Raman film thickness technique.
The accuracy of the current work is on the order of 10%, which is comparable to the Sader method and many of the leading calibration techniques available currently. While this is not an improvement on the best current calibration methods, the accuracy can be improved further. The uncertainty in the current work arises primarily from the measurement of the gold films' mass using the Raman technique. This technique is a unique and novel application of scanning Raman microscopy in itself and as a result its application is still being perfected. The exponential curve used to fit the Raman data in Fig. 3 generates an uncertainty of 1.2nm in the measured thickness of the film, which results in a total uncertainty of ~10% in the calculated mass of the gold film. Improvement of the Raman film thickness measurement technique and the masking procedure will result in improved accuracy of the calibration method.
The effects of using a partial gold film have not been quantified in this work, which is an aspect that requires investigation in order to demonstrate the benefits of using the masking technique. Future work will involve the measurement of cantilever deflection due to surface stresses and the mechanical properties of the cantilever as a function of the gold film coverage over the cantilever. 
IV. CONCLUSION
A masking technique was successfully applied to coat the end of AFM cantilevers with gold. A novel film thickness measurement technique using scanning Raman microscopy was introduced and used to determine the distribution of gold over the cantilever. The spring constant of the two cantilevers were determined to be 54.0Nm -1 and 43.5Nm -1 for the masked and completely coated cantilever respectively. These spring constants are well within the nominal range specified by the manufacturer, and agree with a range of established calibration techniques reported in the literature within experimental uncertainty. The uncertainty in the method was found to be on the order of 10% which is comparable to that of the Sader hydrodynamic method. Improvements to the Raman film thickness measurement technique and refinement of the masking apparatus are expected to reduce the uncertainty further.
